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EFFECT OF JET VELOCITY AND AXIAL LOCATION OF NOZZLE EXIT 
ON THE PERFORMANCE OF A TWIN-JET AFTERBODY MODEL 
AT MACH NUMBERS UP TO 2.2 

By Bobby Lee Berrier and Frederick H. Wood, Jr. 

Langley Research Center 

SUMMARY 

The effects of jet-exhaust flow velocity and longitudinal location of nozzle exits on 
the performance of twin-jet afterbodies have been investigated at static conditions and at 
Mach numbers of 0.50 to 2.2. All afterbody configurations had identical nondimensional 
area distributions, the cross section of cylindrical jet plumes as solid bodies being 
included in the area. Direct measurements of thrust-minus-afterbody drag and after- 
body drag were made by using two separate force balances in the model. The jet total- 
pressure ratio was varied from 1.0 to approximately 22.0 depending on the Mach number. 
Two nonjet reference bodies representing an axisymmetric (single jet) minimum-wave- 
drag body and a minimum wave-drag body having oval sections (twin jet) were also inves- 
tigated, and the drag measurements were compared with calculations based on axisym- 
metric wave-drag theory. 

The results indicate that the configuration with no surface adjacent to a jet-flow 
stream (exits at extreme aft end, no interfairing) generally has the lowest drag at Mach 
numbers up to 1.3. However, at Mach numbers of 1.83 and 2.2, a small surface adjacent 
to the jet flow (small interfairing) was beneficial. The configurations utilizing nozzles 
with low exit velocity (convergent nozzles) had lower afterbody drag than configurations 
utilizing nozzles with a higher exit velocity (convergent-divergent nozzles) at most test 
conditions. The accuracy of equivalent body of revolution wave -drag calculations 
decreased when surfaces were placed adjacent to jet-exhaust flow. 

INTRODUCTION 

Although much performance data exist for single-engine isolated nacelle jet 
models utilizing various nozzle types (refs. 1 to 9), little work has been done on multiple- 
jet installations until recently. Reference 1 indicates that the aft portion (afterbody) of 
a twin- jet fighter -type airplane can account for a large part of total airplane drag and 
reference 10 indicates a 4 percent to 6 percent net thrust loss due to installation effects 
on a twin-jet model. In addition to model asymmetry, jet interference on airplane 



structure and mutual interference between jet streams further complicate installation 
of multiple jets in airplane configurations. (See refs. 1, 2, and 10 to 13.) References 1, 
10, and 13 show that the entire afterbody-nozzle combination must be integrated as a unit 
in order to reduce the performance loss from nozzle installation. 

An investigation was conducted in the Langley 16-foot transonic tunnel and 4- by 
4-foot supersonic pressure tunnel to evaluate the effect of jet stream exit velocity and 
longitudinal location of the jet exit on the performance of twin-jet afterbody-nozzle com- 
binations using a pylon- supported model with air exhaust. Three twin-jet afterbody 
shapes with the same cross-sectional area distribution but different nozzle exit locations 
and two nozzle configurations (convergent and convergent -divergent) were used in the 
investigation. In addition, two reference bodies were investigated to obtain a minimum 
afterbody drag value. Theoretical values of wave drag were calculated from slender 
body theory and are compared with experimental data. Tests were conducted at Mach 
numbers from 0.50 to 2.2 at an angle of attack of 0° and at nozzle-jet total-pressure 
ratios from 1.0 (jet off) to approximately 22.0 depending on Mach number. 


SYMBOLS 


A 

Ae 

-A-max 

^seal 

At 

C-A,a 


'p,b 


'Pd 


cross-sectional area, meters^ 
exit area of one nozzle, meter s^ 

O 

maximum cross-sectional area, meters 
cross-sectional area enclosed by seal strip, meters^ 
throat area of one nozzle, meter s^ 

afterbody axial-force (drag) coefficient, positive downstream, 


— ^ — ; for static conditions, - 

<looA m ax PooA; 

pressure coefficient, 


A,t 


max 


Pf -P CO 


base pressure coefficient, 


Pb“P 0 


pressure coefficient on jth orifice row (j = 1 to 6) 


exit diameter of nozzle, meters 
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F A,t 

F bal,a 

F bal,j 

Fi 


H 

h 

l 

M 

M e 

m 

Pb 

Pes 

Pi 

P Z 

P t,i 

Poo 


total axial force (afterbody plus nozzles), positive downstream, newtons 
force measured by drag balance, positive downstream, newtons 
force measured by thrust-minus-drag balance, positive upstream, newtons 
ideal thrust for complete isentropic expansion of jet flow, 


m 



newtons 


jet thrust, positive upstream, newtons 
half maximum afterbody height, meters 

half afterbody height measured from afterbody center line (see fig. 4), 
meters 

length of model measured from nose, 121.920 centimeters 
free-stream Mach number 
jet-exit Mach number 

measured mass flow rate, kilograms/second 
base pressure, newtons/meter^ 

static pressure at external seal station, newtons/meter^ 
internal static pressure, newtons/meter^ 
local static pressure, newtons/meter^ 
jet total pressure, newtons/meter^ 

free-stream or ambient static pressure, newtons /meter 2 
free-stream dynamic pressure, newtons /meter 2 
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r radius at nozzle center line, meters 

r^ base radius, meters 

r b max maximum base radius, meters 

r. minimum base radius, meters 

b,min ’ 

r e nozzle exit radius, meters 

R maximum afterbody radius, meters; or gas constant, joules/kilogram-°Kelvin 

s distance between nozzle center lines, meters 

Tj- j jet stagnation temperature, °Kelvin 

w half-width of afterbody, meters 

x axial coordinate from nose, meters 

y distance from afterbody center line to nozzle tailpipe center line, meters 

y max maximum width of interfairing at given axial location, meters 

y m in minimum width of interfairing at given axial location, meters 

y ratio of specific heats 

A bar over symbol indicates an average condition. 

APPARATUS AND METHODS 
Wind Tunnels 

The present investigation was conducted in the Langley 16-foot transonic tunnel and 
in the Langley 4- by 4-foot supersonic pressure tunnel. The Langley 16 -foot transonic 
tunnel is a single-return, atmospheric wind tunnel with an octagonal test section and con- 
tinuous air exchange. The tunnel has a continuously variable speed range from a Mach 
number of 0.20 to 1.30. The Langley 4- by 4-foot supersonic pressure tunnel is a single- 
return, continuous-flow wind tunnel with a stagnation pressure range of 0.2758 X 10^ N/m^ 
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to 2.0684 X 10^ N/m^ and a stagnation temperature range of 316.7° K to 322.2° K. By use 
of a variable wall tunnel nozzle, the Mach number can be varied from 1.25 to 2.60. 

Model and Support System 

A sketch of the strut-supported, twin turbojet -engine simulator model used in the 
investigation is presented in figure 1, and a photograph of the model installed in the test 
section of the Langley 16-foot transonic tunnel is given in figure 2. 

The external "metric’' portion (afterbody) of the model begins 83.345 cm from the 
nose and attaches to a drag balance (measures afterbody force) which in turn is attached 
in series to a thrust-minus-drag balance (measures afterbody and nozzle force) as shown 
in figure 3. (The metric portion is that portion of a body attached to a balance.) The 
external metric portion of the cylindrical reference body started 52.324 cm from the nose 
and was attached directly to the thrust-minus -drag balance. A 0. 155-cm annular gap 
between the jet afterbodies and nozzles was required for clearance to prevent fouling of 
the two balance systems. A flexible teflon strip inserted into slots machined into the 
metric and nonmetric portions of the model was used as a seal to prevent internal flow in 
the model. The low coefficient of friction of teflon minimized restraint on the two bal- 
ances. Transition was fixed 6.03 cm from the nose with a 0.25-cm-wide strip of num- 
ber 100 grit. 

A high-pressure air system was used to supply air (y = 1.4) to the twin-engine 
nozzles at a stagnation temperature of approximately 294° K. Air was piped into the 
model and passed through eight orifice nozzles into the low-pressure plenum chamber. 
(See fig. 1.) The orifice nozzles were located perpendicular to the model longitudinal 
axis to eliminate transfer of axial momentum. The air was passed through the tailpipe- 
nozzle system to simulate the exhaust of a twin- jet configuration. 

A sketch giving dimensions and pressure -orifice locations for the three jet after- 
bodies and two minimum wave-drag reference bodies used in this investigation is pre- 
sented in figure 4 and a photograph of four of the afterbody configurations is given as 
figure 5. Afterbody configurations A-l, A-2, and A-3 had nozzle exits located 
121.92 cm, lil.76 cm, and 101.60 cm, respectively, from the model nose. Nozzle spacing 
ratio s/d e was constant and equal to 1.874 for the three jet configurations. The two 
reference bodies had closed bases at station 121.92 with no provisions for jet flow. All 
afterbodies of this investigation had the same total length (121.92 cm) and by including 
two cylindrical jets as equivalent solid bodies, had the same nondimensional cross- 
sectional area distribution as shown in figure 6 by the solid line. The area distribution 
shown in figure 6 between x/l = 0.685 and x/l = 1.0 was calculated by a computer 
program, for axisymmetric bodies, adapted from reference 14 and is representative of 
a minimum -wave -drag body at a Mach number of 1.000001 with the restraints of a given 
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forebody geometry, afterbody length, maximum cross-sectional area, and base area. 

The area distribution of the jet afterbodies was the same as the equivalent axisymmetric 
minimum -wave -drag body area distribution. 

Figure 7 presents a sketch showing geometry and instrumentation details of the 
two nozzle types investigated. Both nozzle sets were designed for the specific-heat ratio 
of 1.40 for air. The convergent nozzle set was designed for M e = 1.0 (p t j/p^ = 1.89). 
The convergent -divergent nozzle set was designed for M e = 2.0 ^ j/P^ = 7.82) by uti- 
lizing the method of reference 15 which approximates an isentropic nozzle contour. The 
exit divergence angle for the convergent -divergent nozzles was equal to 3°. 

Instrumentation 

External static-pressure orifices were located on the afterbodies as shown in fig- 
ure 4. No external static pressures were measured on afterbody A-3. External static 
pressures were not measured on the afterbodies in the Langley 4- by 4-foot supersonic 
pressure tunnel. Internal pressures were measured around the afterbody cavity at three 
axially spaced internal orifice locations and eight external static pressures (values 
averaged) were measured at orifices located on both sides of the seal gap (see fig. 3) 
between the centerbody and afterbodies. These pressure measurements were used to 
adjust the balance force measurements. The total pressure and stagnation temperature 
of the jet flow were measured in each tailpipe nozzle at locations indicated in figure 1. 

Forces and moments on the metric portions of the model were obtained by means 
of a 5-component strain-gage balance used to measure thrust minus total drag and a 
tandem 6 -component auxiliary strain-gage balance which measured forces and moments 
on the afterbody shell. Figure 3 presents a sketch showing the metric portion of the 
model for each balance. An electronic turbine flowmeter was used to obtain air mass 
flow rate to the nozzles. 

Data obtained in the Langley 16-foot transonic tunnel were recorded simultaneously 
on magnetic tape. Approximately 5 frames of data were taken over a time period of about 
1 second for each data point and the average value was used for computations. Data 
obtained in the Langley 4- by 4-foot supersonic pressure tunnel were transmitted to the 
self-balancing potentiometers, digitized, and punched into cards. An electrically actuated 
pressure scanning valve was used for measuring and recording the internal and external 
pressures. 


Data Reduction 

The recorded data were used to compute standard force and pressure coefficients. 
Pressure forces on the afterbodies were obtained by assigning to each pressure orifice 
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an incremental area projected on a plane normal to the model axis and by numerically 
integrating the incremental forces. No correction was made for strut interference. 

The gross thrust minus afterbody axial force (drag) was obtained directly by the 
thrust-minus-drag balance. (See fig. 3.) The forces sensed by the balance and included 
in the axial-force term j are nozzle thrust, afterbody external and internal axial 

forces transferred to the thrust-minus-drag balance through the tandem drag balance, 
and internal axial forces on the nozzle system. This force measurement was adjusted 
to thrust-minus-afterbody drag as follows: 

F j " F A,t = F bal,j + (Pes _ P°o)( A max “ A seal) + (Pi " Poo) A seal 

Afterbody axial force (drag) was obtained directly from the tandem drag balance. 
(See fig. 3.) Included in the afterbody axial force (drag) term is the force acting on the 
portion of the base made up of the physical afterbody base, the area of the annulus 
between the afterbody and nozzle, and the physical nozzle base area. The afterbody axial 
force was computed as follows: 

^A,t = ^bal,a " (^es " Poo)(^max “ ^seal) ~ (^i “ P°o)(^seal ” ^A e ^ 

Nozzle internal thrust is obtained by combining the two balance axial forces as 
follows: 

F j = F bal , j + F bal,a + (p 4 " Poo) 2A e = ( F j ~ F A,t) + F A,t 

The internal-pressure correction terms used in the previous force equations can 
be large and they approached an order of magnitude equal to the drag balance reading 
(Fbai a) * n severa l instances. The three measured values of internal pressure were 
within 0.2-percent agreement at all test conditions and indicated no internal flow inside 
the afterbody shell. A total-pressure rake was used to survey the jet total-pressure 
distribution at the exit of the convergent nozzles and the jet total-pressure probe reading 
was corrected to the integrated value of jet total pressure at the exit to eliminate non- 
uniformity of total-pressure effects. The largest correction made for nonuniformity of 
total pressure was approximately 5 percent. The integrated value of jet total pressure 
at the exit was used to calculate the ideal thrust for complete isentropic expansion of the 
jet flow for the convergent nozzle set. A survey of the jet total-pressure distribution at 
the exit of the convergent -divergent nozzle set was not made. However, as a result of a 
larger convergence angle, a more uniform total-pressure distribution should exist inside 
the convergent-divergent nozzle set. 

Afterbody external skin-friction drag (used in conjunction with theoretical wave 
drag and integrated pressure drag) was calculated by using the Frankl and Voishel equa- 
tion for compressible, turbulent flow on a flat plate. (See ref. 16.) 
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Test 


Data were obtained in the Langley 16-foot transonic tunnel at Mach numbers from 
0 to 1.3 and in the Langley 4- by 4-foot supersonic tunnel at Mach numbers of 1.83 and 
2.2 at a stagnation pressure of 1.241 X 10^ N/m^ and a stagnation temperature of 
316.7° K. The angle of attack was held at a constant value of 0° during the entire inves- 
tigation. Reynolds number based on model length varied from approximately 1.16 x 10? 
at M = 0.50 to 1.50 x 10^ at M = 1.3 in the Langley 16-foot tunnel and from 
1.79 x 10? at M = 1.8 to 1.49 x 10^ at M = 2.2 in the Langley 4- by 4-foot supersonic 
pressure tunnel. The ratio of jet total pressure to free-stream static pressure was 
varied from 1.0 (jet off) to about 22.0 depending on Mach number. 

RESULTS AND DISCUSSION 
Pressure Distributions 

Reference bodies .- The pressure distributions on the axisymmetric reference body 
and the twin jet (asymmetric) reference body are shown in figures 8 and 9, respectively. 
The axisymmetric reference body had a symmetrical flow field indicated by nearly 
identical pressure distributions on each orifice row. The symmetrical flow field indi- 
cates little or no strut interference. Pressure recovery was obtained over the aft 20 per- 
cent of the axisymmetric reference body and some positive pressure coefficients were 
obtained at all Mach numbers up to 1.3. Base-pressure coefficient remained negative 
for the test conditions shown. 

The twin-jet reference body had an asymmetric pressure distribution as shown by 
figure 9. This result was expected as the curvature on the body at various orifice rows 
was different on the twin-jet reference body. Pressure recovery was obtained over the 
aft portion of the afterbody, some positive pressure coefficients occurring on all rows. 
Some positive base-pressure coefficients were also obtained. Although the nondimen- 
sional area distributions of the two reference bodies are identical, local slopes on the 
two bodies were different and results in different pressure distributions being obtained 
on the two reference bodies (for example, compare c p,l data from figures 8 and 9 at 
M = 1.3). 

Jet afterbodies .- Figures 10 and 11 present the pressure distributions on the A-l 
and A-2 afterbodies, respectively, obtained by utilizing convergent nozzles. The most 
notable feature of the distributions on the A-l afterbody is a region of positive pressure 
coefficients on the entire aft end of the body, positive pressure coefficients being over 
15 to 20 percent of the body length in some instances. Increasing jet total-pressure ratio 
generally increases pressures on the aft end of the body. 
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Pressure coefficients on the A-2 afterbody shown in figure 11 generally remain 
negative except on the top and side of the interfairing between and downstream of the 
nozzle exits. For jet total-pressure ratios greater than 6.0, extreme expansions and 
compressions are exhibited on the interfairing side as a result of the jet-exhaust wave 
pattern impinging on the interfairing. These pressure fluctuations are decreased with 
increasing Mach number. Operation of the jet is generally favorable on the pressures 
forward of the nozzle exit while pressures downstream of the nozzle exit exhibit large 
variations with changing jet total-pressure ratio. 

Pressure distributions on the A-l and A-2 afterbodies utilizing the convergent- 
divergent nozzles are shown in figures 12 and 13, respectively. The influence of 
convergent -divergent nozzle jet operation on the afterbody pressure distributions is not 
as great as the influence of convergent nozzle jet operation shown in figures 10 and 11. 
This result is probably due to less jet pluming with the convergent-divergent nozzles for 
the pressure -ratio range of this investigation. With this exception, the pressure dis- 
tributions obtained on the convergent-divergent nozzle configurations generally exhibit 
the same trends as the pressure distributions obtained on the convergent nozzle 
configurations. 


Afterbody Drag 

Refer ence bodies .- Figure 14 presents afterbody drag coefficients for the two ref- 
erence afterbodies as a function of Mach number. The afterbody drag coefficients have 
base-pressure force removed from afterbody drag F^ j-. This pressure force was 
obtained from an integration over the base area of base pressures similar to those shown 
in figures 8 and 9. Also shown in figure 14 is a theoretical calculation of afterbody wave 
drag, as obtained from a wave-drag computer program of reference 14 which assumes an 
infinite cylinder extending downstream from the base of an axisymmetric body, plus cal- 
culated skin-friction drag. Calculated skin-friction drag on the twin-jet reference body 
is also presented as a separate quantity in figure 14. 

Both reference afterbodies have the same nondimensional area distribution as shown 
in figure 6 and hence theoretically have identical wave-drag coefficients. However, the 
axisymmetric (single jet) reference body had circular-shaped cross sections whereas the 
twin-jet reference body had oval-shaped cross sections. 

Afterbody drag of the twin-jet reference body was higher than the afterbody drag 
of the single jet reference body at all test conditions at which both were investigated. 
Afterbody drag coefficient predicted by wave-drag theory agrees well with measured 
afterbody drag. 

Figure 15 presents a comparison of afterbody drag on the twin-jet reference body 
derived by two methods, namely, afterbody drag obtained from balance measurements and 
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afterbody drag obtained from integration of afterbody pressures over the axially pro- 
jected area. The integration of pressures method results in the lowest value of after- 
body drag coefficient at all test conditions. It is believed that the more accurate method 
is direct measurement by a force balance. 

Jet afterbodies .- Jet -off afterbody drag coefficients for the three jet afterbodies, 
the twin-jet reference body, and as predicted by wave-drag theory are presented in fig- 
ure 16 as a function of Mach number. Of the three jet afterbodies, the A-l afterbody 
(exit at extreme aft end) had the lowest jet-off afterbody drag at all test conditions. The 
twin-jet reference afterbody had lower drag- than the jet afterbodies at Mach numbers up 
to 1.3; however, at Mach numbers of 1.83 and 2.2, both the A-l and A-2 afterbodies had 
lower drag values than the reference afterbody, probably because the area distribution 
was optimized for a Mach number only slightly greater than 1.00. In addition, base drag 
on the afterbody and nozzle bases and the annular gap between is included in the data of 
figure 16 but is not accounted for by the wave-drag calculations. 

The afterbody drag coefficient predicted by equivalent-body-of-revolution wave- 
drag theory is low when compared with direct measurements on the afterbodies. How- 
ever, it should be noted that although the theory includes no base drag, the four after- 
bodies shown in figure 16 were charged with some drag on the base, namely, that on the 
afterbody and nozzle bases and the clearance gap between the two. The reference-body 
afterbody drag was adjusted to include the same amount of base area as was charged to 
the jet afterbodies. The force on the remaining area was removed from the drag mea- 
surements by using the pressures measured at locations shown in figure 4(d). Afterbody 
drag coefficient determined by wave-drag theory would be increased approximately 0.004 
at M = 1.3 if the same amount of base drag were charged to theory as was charged to 
the twin-jet reference body. 

Figures 17 and 18 present afterbody drag coefficients for the three twin-jet after- 
body configurations with convergent and convergent-divergent nozzles, respectively. 
Afterbody drag was obtained by two methods, first, by direct measurement by a strain- 
gage balance and, second, by integration of the pressures shown in figures 10 to 13. The 
measured drag values are shown by open symbols (figs. 17 and 18) and the integrated drag 
values by solid symbols (fig. 17). The integrated drag data were used to extend the range 
of jet total-pressure ratio. 

Comparison of the convergent nozzle data with that obtained by using a convergent - 
divergent nozzle indicates that jet operation has a larger effect on afterbody drag when 
convergent nozzles are utilized. This trend was also indicated by the afterbody pres- 
sures previously presented. One possible explanation for this trend is that the conver- 
gent nozzle exhaust started pluming at a jet total-pressure ratio of approximately 1.89 
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and increased with increasing pressure ratio whereas the convergent-divergent nozzle 
exhaust does not start pluming until a pressure ratio of 7.82 is reached. 

Figure 17 shows that convergent nozzle jet interference was generally favorable 
(jet-on drag less than jet -off drag) on the A-l and A-2 afterbodies throughout the Mach 
number and jet total -pressure -ratio range investigated with the exception of M = 0.50. 
Unfavorable jet interference on the A-3 afterbody generally occurred during some por- 
tion of the pressure ratio range until a higher Mach number was reached, namely, 

M = 1.15. With the exception of the A-3 afterbody at Mach numbers up to 0.95, after- 
body drag initially decreases, and then increases and decreases with increasing pressure 
ratio. 

At Mach numbers up to 1.3, the afterbody with the exits at the extreme aft end 
(afterbody A-l) generally had the lowest afterbody drag. At transonic and low super- 
sonic Mach numbers, a small interfairing between and downstream of the nozzle exits 
(afterbody A-2) was beneficial only at selective pressure ratios (for example, M = 1.2; 

Pt j/Poo = 1.5 or 8.6). At supersonic speeds M = 1.83 and M = 2.2 the advantage of 
an interfairing between and downstream of the nozzle exits becomes apparent as the 
A-2 afterbody generally exhibits the lowest drag and the A-3 afterbody (large inter- 
fairing) which had substantially higher drag than the A-l afterbody at subsonic Mach num- 
bers, has lower drag than the A-l afterbody at the higher jet total-pressure ratios. 

One possible explanation for the unfavorable effect of interfairing surfaces at low 
pressure ratios (low Mach numbers) is that the convergent nozzles are operating near 
design and adjacent surfaces are aspirated by the near-cylindrical jet plume. At higher 
pressure ratios (high Mach numbers), the nozzle is substantially underexpanded and 
adjacent surfaces provide expansion surfaces on which beneficial thrust terms may be 
obtained. 

Convergent-divergent nozzle jet interference is shown by figure 18 to be unfavor- 
able for a wider range of Mach numbers and jet total-pressure ratios than the convergent 
nozzle jet interference shown in figure 17, probably because the convergent -divergent 
nozzles are usually operating overexpanded or near design (p^yp^ = 7.82) and thus aspi- 
rate adjacent surfaces. Convergent-divergent jet interference on the three afterbodies 
was generally unfavorable at Mach numbers below 0.9. Above M = 0.9, mixed results 
were obtained. With convergent -divergent nozzles, the large interfairing afterbody 
(afterbody A-3) has the highest drag level throughout the entire range of test variables 
and the small interfairing afterbody (afterbody A-2) has only a slight advantage over the 
A-l afterbody at selective jet total pressures at Mach numbers between 0.9 and 1.3. 

Afterbody drag coefficient at design p^ jyp^.- Afterbody drag coefficient of the 
three afterbodies with both convergent (M e = l.OOj and convergent-divergent (M e = 2.00) 
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nozzles operating at their respective design jet total-pressure ratios of 1.89 and 7.82 
is presented in figure 19 as a function of Mach number. Also shown in figure 19 are the 
values of afterbody drag coefficient as obtained from equivalent-body-of-revolution wave- 
drag theory. The theoretical values do not include any base drag as do the jet after- 
bodies (drag on nozzle and afterbody physical bases and the clearance gap between the 
two). The measured drag values are shown at design jet total -pressure ratio since at 
this condition, the jet plume should simulate an infinite cylinder extending downstream 
of the jet exit and agree closely with theory which assumes an infinite cylinder extending 
downstream from the base. Wave-drag calculations predict afterbody drag with reason- 
able accuracy for the afterbody with no surface adjacent to the jet flow (afterbody A-l); 
however, agreement between theory and experiment decreased when a surface was placed 
adjacent to the jet flow (afterbodies A-2 and A-3), particularly when nozzles with an 
exhaust Mach number of 2.00 (convergent-divergent) are utilized. For example, wave- 
drag values were approximately 10 percent low at M = 1.2 and 4 percent low at M = 2.2 
for afterbody A-l, but for afterbody A-3, the agreement decreased so that the calculated 
values were approximately 24 percent low at M = 1.2 and 15 percent low at M = 2.2. 
This result was expected since wave-drag theory does not account for jet interference 
effects which can be large for configurations which include surfaces adjacent to jet 
exhaust flow. (See ref. 1.) 

Afterbody drag obtained with each afterbody utilizing nozzles with an exhaust Mach 
number of 1.00 (convergent) was lower at all test conditions shown in figure 19 than the 
afterbody drag obtained by utilizing nozzles with an exhaust Mach number of 2.00 
(convergent-divergent). Since a near -cylindrical jet exists for both nozzle sets at their 
respective design jet total-pressure ratios, the differences in afterbody drag for the same 
afterbody but utilizing different nozzles must be accounted for in the total (friction being 
neglected) by jet-afterbody interference differences produced by the difference in jet- 
flow exit velocity of the two nozzle sets. Hence, at the design jet total-pressure ratio, a 
jet exhaust with M e = 2.00 (convergent-divergent nozzles) had a detrimental effect on 
afterbody drag of the afterbodies investigated when compared with the afterbody drag 
obtained with a jet exhaust with M e = 1.00 (convergent nozzles). The detrimental jet 
interference increment of the convergent -divergent nozzles (M e = 2.00) over the conver- 
gent nozzles (M e = 1.00) generally decreases with increasing Mach number and increases 
with increasing distance between the nozzle exit and model end (that is, afterbody sur- 
face area exposed to the jet flow increases). 

Performance Characteristics 

Thrust-minus-drag ratio .- The variations of thrust-minus-drag ratio with jet total- 
pressure ratio and Mach number for the three jet afterbodies are shown in figure 20 for 
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the convergent nozzle configurations and in figure 21 for the convergent-divergent nozzle 
configurations. Thrust data at M = 1.83, for the convergent -diver gent nozzles, were 
lost and thrust values obtained at M = 0 were substituted to obtain the values shown in 
figure 21(d). This procedure is sound if nozzle internal performance is not affected by 
external flow which should be the case when the nozzle is operating at or above the 
design pressure ratio. (Design pressure ratio is 7.82 for the convergent-divergent 
nozzles of this investigation.) 

Thrust minus drag of the convergent nozzle configurations generally increases with 
increasing jet total-pressure ratio except at M = 0 where external drag is essentially 
zero and the nozzle internal thrust suffers from underexpansion losses for jet total- 
pressure ratios above 1.89. At Mach numbers up to 1.3, the A-l afterbody (exits at 
extreme aft end) generally exhibits the highest thrust-minus-drag performance probably 
as a result of no losses due to aspiration of a surface adjacent to the jet flow as pointed 
out in the afterbody drag section. A few exceptions are shown at low jet total-pressure 
ratios as might be expected from the afterbody drag shown previously in figure 17. At 
Mach numbers of 1.83 and 2.2, an interfairing extending between and downstream of the 
nozzle exits improves thrust-minus-drag performance and is probably a result of the 
nozzles operating at an underexpanded condition, thrust being realized on the external 
expansion surface. The A-2 afterbody generally exhibits the highest thrust-minus-drag 
performance at M = 1.83 and M = 2.2. At the highest pressure ratios the lowest per- 
formance is obtained with the configuration having no interfairing (A-l afterbody) as 
might be expected if thrust is indeed obtained on the interfairing of the A-2 and A-3 
afterbodies. 

Thrust-minus-drag performance of the three afterbodies utilizing convergent- 
divergent nozzles, shown in figure 21, generally exhibits the same trends shown in fig- 
ure 20 for the convergent nozzle configurations. Thrust-minus-drag ratio increases 
with increasing jet total-pressure ratio. Nozzle overexpansion losses occur for jet 
total-pressure ratios below 7.82. At Mach numbers up to 1.3, the highest thrust-minus- 
drag performance is obtained with the A-l afterbody (exits at extreme aft end). The 
A-2 afterbody (small interfairing) generally exhibits the highest thrust-minus -drag per- 
formance at Mach numbers of 1.83 and 2.20. The A-3 afterbody (large interfairing) 
exhibits the lowest performance at all test conditions when convergent-divergent nozzles 
are used. The improved performance obtained with convergent nozzles for the A-3 after- 
body at M = 1.83 and M = 2.20 is not exhibited when convergent-divergent nozzles 
are utilized probably because the convergent-divergent nozzles are operating closer to 
design pressure ratio and hence the jet plume is not as large. 

Internal performance .- The variation of internal performance Fj/^i with jet 
total-pressure ratio and Mach number is presented in figures 22 and 23 for the convergent 
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and convergent-divergent nozzle configurations, respectively. Balance force Fbal,j 
was lost at M = 1.83 for the convergent-divergent nozzle configurations. 

For conditions of choked nozzle flow and no internal flow separation, internal per- 
formance of the nozzles of this investigation should not vary with Mach number or after- 
body configuration. However, figure 22 shows some variation of internal performance 
with afterbody configurations incorporating convergent nozzles, particularly at low jet 
total-pressure ratios. One possible explanation, below the nozzle choke point, is that 
different back pressures, created by interfairings for example, changed the effective 
pressure ratio. The general shape of the curves follow that of ideal convergent thrust. 
Little or no variation of internal performance with Mach number or configuration is 
shown in figure 23 for the convergent -divergent nozzles. 

CONCLUSIONS 

An investigation of the effect of jet velocity and axial location of the nozzle exit on 
the performance of twin jet afterbodies indicated the following conclusions: 

1. At Mach numbers from 0.50 to 1.30, afterbody drag was generally decreased 
and thrust minus drag was generally increased by moving the nozzle exits to the extreme 
aft end of the afterbody so that no afterbody surface exists adjacent to jet flow. 

2. At Mach numbers of 1.83 and 2.2, afterbody drag was generally reduced and 
thrust minus drag was generally increased by moving the nozzle exits forward so that a 
small interfairing exists adjacent to the jet flow. 

3. A large interfairing configuration generally gave the highest drag and lowest 
thrust-minus-drag performance at all test conditions. 

4. Afterbody drag obtained on configurations with a jet-flow exit Mach number 

of 1.00 (convergent nozzles) was substantially lower than that obtained on configurations 
with a jet-flow exit Mach number of 2.00 (convergent-divergent nozzles) when both nozzle 
sets are operating on design (cylindrical jet plumes). The afterbody drag increment 
between nozzle sets for the same afterbody decreases with increasing Mach number and 
increases with increasing amount of surface adjacent to the jet flow. This drag incre- 
ment is a sole result of jet-afterbody interference differences produced by the difference 
in jet-flow exit velocity of the two nozzle sets. 

5. At design jet total-pressure ratio for each nozzle set, wave drag calculations 
based on an equivalent body of revolution predict drag approximately 4 percent to 

10 percent low when no surface exists adjacent to the jet-flow stream. Accuracy of the 
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wave-drag calculations decreases when a surface exists adjacent to the jet-flow stream; 
for example, on the large interfairing configuration, the calculations were approximately 
15 percent to 24 percent low. 

Langley Research Center, 

National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., June 23, 1969, 

720-03-11-01-23. 
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Figure 2.- Photograph of model with A-2 afterbody mounted in Langley 16-foot transonic tunnel. L-67-8591 
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Figure 3.- Schematic sketch showing arrangement of two force balances. 
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Afterbody A-2. 
e 4.- Continued. 
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Figure 5.- Photograph of afterbody configurations. L-68-3471 









(a) Convergent-divergent nozzle (A e /A t = 1.688). 



(b) Convergent nozzle (A e /At = l.oo). 

Figure 7.- Sketch of nozzle configurations. All dimensions are in centimeters. 


























(a) M = 0.50. 


Figure 11.- Afterbody pressure distributions for A-2 afterbody. Convergent nozzies. Flagged symbols indicate bottom row. 
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(a) M = 0.50. 

Figure 13.- Afterbody pressure distributions for A-2 afterbody. Convergent- divergent nozzles. 
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(d) M = 1.30. 
Figure 13.- Concluded. 
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O Single-jet reference body minus total base drag 

□ Twin-jet reference body minus total base drag 



Figure 14.- Comparison of measured drag on the twin- and single- jet reference bodies with total base drag removed. 
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(a) M = 0.50 to 0.80. 

Figure 17.- Afterbody drag coefficient variation with jet total-pressure ratio at several Mach numbers. Convergent nozzles. 
Solid symbols indicate pressure integration plus skin friction. Flags denote decreasing pressure ratio. 
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(a) M = 0 to 0.90. 


Figure 20.- Thrust minus afterbody drag performance at various Mach numbers. Convergent nozzles. Tails indicate decreasing pressure ratio. 
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(c) M = 1.15 to 1.30. 


Figure 21.- Continued. 
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(c) M = 1.20 and 1.30. 

Figure 23.- Continued. 
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